Abstract: Attempts to account for the variations in photosystem II (PSII) under general conditions result in non-linear and cumbersome models that are difficult to validate and render few insights about the system kinetics. In this research, the authors experimentally show that under certain conditions, linear-system techniques could be applied to advantage for probing some basic kinetic characteristics of the plastoquinones (PQs). The PQ redox states of the reaction centres were represented in a conditionally linear model structure with delayed fluorescence (DF) as a measurable output. DF data were acquired for different plant samples and conditions. After least-squares parameter optimisation, not only could the model closely describe the measured DF, but more significantly, the estimated parameters correctly reflected the expected changes induced by drought or [3-(3,4-dichlorophenyl)-1,1-dimethylurea] (DCMU) stress. Analysis showed that for short-pulse illumination, the PQ kinetic states of the reaction centres in an initially dark-adapted plant leaf can be represented as a time-invariant bilinear system in a five-dimensional state space. The system becomes linear for constant illuminations, but the system matrix and the kinetic behaviour are illumination dependent. In particular, the system behaves differently between lights-on and lights-off conditions. The simplicity of the model structure, nonetheless, permits observation and analysis of the PQ kinetics of PSII reaction centres from DF measurements by using linear-system techniques.
Introduction
Photosynthesis starts from light-induced separation of charge pairs and transport of electrons by various electron carriers [1, 2] . In the early stages of the electron transport process, the major carriers are plastoquinone (PQ ) molecules in the reaction centres of photosystem II (PSII). An electron generated by a pair of chlorophyll a molecules capturing a photon is transferred, via a pheophytin molecule, to a tightly bound quinone molecule commonly referred to as quinone A or Q A and then to a loosely bound quinone referred to as quinone B or Q B . A double-reduced Q B will take up two protons from the chloroplast stroma to form a plastoquinol (QH 2 ), which diffuses through the thylakoid membrane to another protein complex. QH 2 is then oxidised, passing two electrons downstream, shedding (or pumping) two protons to the thylakoid lumen and returning itself to the oxidised form of quinone (Q B ), which is subsequently reused.
The PQs not only form a critical link of the electron transport chain in the light-dependent part of photosynthesis, their states can also be associated with the optical properties of photosynthetic plants or organisms because they are adjacent to the photon -electron energy conversion process performed by the chlorophyll molecules. In particular, they are related to emission of delayed fluorescence (DF) [3] . Experiments have shown that following illumination, photosynthetic systems emit weak luminescence that can last for seconds or minutes. This emission is different from the more commonly measured prompt fluorescence (PF) that has a lifetime in the femtoseconds or picoseconds range. The common view is that DF arises from back reactions of the electron transport process [4 -7] . DF was first discovered by Strehler and Arnold [8] and subsequent investigations have yielded a significant amount of information regarding its features and connections to the photosynthetic mechanism [9] . DF
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IET Syst. Biol., 2010, Vol. 4, Iss. 1, pp. 90-98 emission displays several phases over the emission time span [10] . These phases have been found to correspond to different components of the electron transport chain, thylakoid membrane pH and electrochemical gradients, and several other less-defined endogenous and exogenous factors [3, 11] . DF can be a good indicator of photosynthetic efficiency [12] and a useful tool for agriculture [13 -15] .
Although both PF and DF photons are emitted from the PSII chlorophyll molecules, there are differences between the two. PF results from the chlorophyll fluorescence and can be produced by chlorophyll molecules alone, whereas DF involves the electron transport chain and an intact PSII is required. As a result, DF measurements are useful in revealing the kinetic behaviour of the PQ part of the electron transport chain.
There have been efforts to model DF and PF based on analysis of the reactions in PSII, but the existing work has been limited to theoretical analysis and simulations [3, 4] . Rarely have proposed models been directly validated against experimental data largely because an attempt to account for too many effects and variations typically results in a complex non-linear model that is extremely cumbersome, if not impossible, to validate. In this research, we took a parsimonious approach. We attempted to limit the scope of the model by neglecting effects that are insignificant under certain experimental conditions. This led to a conditionally linear, low-order model structure with a manageable number of parameters to estimate. We experimentally showed the usefulness of the minimised model structure in representing the kinetic states of PSII reaction centres and emission of DF under the given conditions. The model structure was then used to reveal some basic characteristics of the PQ kinetics in PSII.
Description of reaction kinetics
The redox reactions and related kinetic activities of the PQs in PSII are well documented [1] [2] [3] [4] . Each of the PQ pair in a reaction centre may be in one of the two or three redox states. Quinone A may be in the oxidised state Q A or singlereduced state Q 2 A , whereas quinone B may be in the oxidised state Q B , single-reduced state Q 2 B or doublereduced state Q 22 B . These result in six possible combinations; in other words, each reaction centre may be in one of the six possible states at any given moment. Since the total number of reaction centres in a sample is fixed or the total probability of a reaction centre in one of the six states is unity, five independent variables are needed to describe the kinetic states of the reaction centres. In [16] , Guo and Tan used the redox states of the individual quinones (Q By the action of a photon, an oxidised Q A in a reaction centre is reduced to Q 2 A and this may occur while Q B is in one of its three states. This can be represented as
where z ¼ 0, 1 or 2; k 1 and k 2 are the forward and the backward reaction rates, respectively; and u is the illumination intensity. The forward reaction is light-driven and thus the overall forward reaction rate is k 1 u (1/s). As such, both the meaning and the value of k 1 depend on the unit used for u. If u is expressed in photons per unit time per reaction centre (1/s), then k 1 is the illumination quantum efficiency or photoelectron conversion efficiency q. If u is expressed in the total number of photons per unit time (1/s) on a sample, then k 1 ¼ qr/N, where r is the percentage of illumination photons that fall on reaction centres and N is the number of reaction centres in the sample. For a given illumination setup and sample, r and N are constants, and thus k 1 is a dimensionless quantity proportional to the quantum efficiency. In (1) and hereafter, the reaction rates are not assumed constant but, for simplicity, they are assumed not to vary significantly with the quinone status. This proved to be practical since constant reaction rates could be used to fit the experimental measurements as discussed later.
A reduced Q With two acquired electrons, Q 22 B will combine with two protons from the stroma to become QH 2 , which will diffuse from the Q B site to the thylakoid lumen where it will be oxidised to become Q B again [1] . This may occur when Q A is in either state, that is
where z ¼ 0 or 1, and k 5 is the reaction rate.
Although any reaction may be reversible to some degree, the backward reaction in (3) may be neglected for DF modelling purposes under the experimental conditions used in this work. The O -H bond in QH 2 has finite bond energy. Oxidation of QH 2 requires the involvement of the cytochrome b6f protein complex and occurs only after a quinol molecule diffuses to the lumen side. This process is therefore unlikely to reverse to affect the PQ kinetics and DF emission. In fact, a significant level of this reverse reaction would imply that the photosynthetic system would be 'internally leaky' and the whole process would eventually 
Equations (4) - (8) describe the kinetic variations in the concentrations (or numbers) of reaction centres in different redox states and form a set of state-space equations for PQ redox states of the reaction centres. As a more convenient alternative, x 1 through x 5 may be viewed as the probabilities of a reaction centre being in the five corresponding PQ states, in which case, R is unity.
Additional equations have been suggested to account for the other effects such as variations in the unbound Q B pool resulting from QH 2 formation and changes in proton concentration (pH) in the thylakoid lumen because of proton pumping [3] . These variations do occur, especially under prolonged illumination, and taking them into account would make a model more comprehensive. Their inclusion, however, entails complex non-linear equations and involves quantities that cannot be directly measured with technologies available today. More significantly, it makes an otherwise much simpler model ( (4) - (8)) cumbersome and difficult to verify. Until effective ways are available to quantify and represent these additional variations, including them would bring few practical benefits.
Under dark-adapted conditions, the proton concentration in the chloroplast stroma is the highest and there is a pool of 10-30 loose quinones (Q B ) in each reaction centre [17] . These provide certain pH and Q B buffering capacities. If a test sample is initially dark-adapted and then exposed to a short-pulse excitation of limited intensity, then it would be reasonable to assume that the buffering capacities are not sufficiently depleted to affect the upstream PQ kinetics. As a consequence, the Q 22 B protonation rate (k 5 ) may be approximated with a constant. This simplification limits the model applicability to short-pulse excitation of darkadapted systems, but the model is dramatically simpler to permit validation against experimental measurements and observation of PQ kinetics.
Coefficients k 1 through k 4 may be temperature dependent but can be assumed constant as is commonly done in the analysis of reaction kinetics for constant or slowly varying ambient temperatures. For constant illuminations (u), (4) - (8) represent a linear, five-dimensional state-space system. It is easy to verify that the five state equations are coupled. The coefficients and state variables may be estimated by using the Kalman filter and system estimation techniques from measurable (or observable) variables that are functions of the state variables.
One such state-dependent variable is DF. The main contributor to DF emission in photosynthetic systems is the backward reaction represented in (1), which involves excitation of chlorophyll a by an electron from Q 2 A via a pheophytin molecule and the subsequent fluorescence photon given off when the excited chlorophyll goes to the ground state [18] . Then, the DF emission should depend on the production rate of Q A by oxidation of Q 
where K is a gain factor, which accounts for the instrumentation gain and the sample size (number of reaction centres) when the state variables are viewed as probabilities. Equation (9) defines an output from the system described by state equations (4) - (8).
Experimental measurements
To observe the PQ kinetic behaviour of reaction centres, DF emissions were measured from dark-adapted plant leaves following a pulse excitation. Two different plants (soybean and corn) and two stress conditions (drought and [3-(3,4-dichlorophenyl)-1,1-dimethylurea] (DCMU) application, both of which affect photosynthesis) were tested.
Plant samples
Mature greenhouse-grown soybean plants were used for drought-stress experiments. Three healthy plants were used as controls and three sample plants were drought stressed. The plants were being tested in another study for the effects of drought conditions on root physiology. Little visual differences could be discerned between the healthy (control) and drought-stressed plants. moisture was between 10 and 20% of the dry soil weight and the control measurements were taken when the moisture was between 60 and 70% of the dry soil weight.
Twelve to 15-day-old yellow corn seedlings were used for DCMU stress experiments. Seven samples were used for each of the control and the DCMU-treated groups. An atomiser was used to spray a 10 24 M DCMU solution onto the leaves 15 min prior to DF measurements. All the seedlings were grown at room temperature and under fluorescent lighting (Model F20T12/CW, Philips, New York, USA. Colour temperature: 4100 K; wavelength range: 410-720 nm) in 16 : 8-h on -off cycles.
Whole leaves from the experimental plants were excised and kept in the dark for at least 30 min before DF measurements were taken. Kato et al. [19] showed that detached leaves could be used for photosynthesis evaluation within several hours. Our experiments indicated that for the excitation and plants used, the DF emissions did not change appreciably 2 h after detachment. All the experiments were conducted much within the 2-h timeframe.
Instrumentation and DF measurement
The test samples were placed in a light-tight chamber. Illumination from three white LEDs (Nichia NSPW500BS, wavelength range: 400 -750 nm) delivered a total of 4.5 Â 10 16 photons/s to the sample via an 8-mm liquid light guide (ORIEL 77628). The illumination light guide was pointed at the sample from a 1-cm distance and at an angle of 308 from the vertical direction. The DF emission was collected via a second light guide vertically above the sample at a 1-cm distance. This emission-collection light guide fed into a photon-counting channel multiplier tube (CMT) (Perkin Elmer MH1372P) located outside the test chamber.
The CMT was gated electronically. When a signal was given to turn the gating off, the high voltage for the CMT channel would be nullified to prevent photoelectron flux formation in the channel. The photoelectric output pulses from the CMT were recorded with a gated photon counter/multiscaler card (PMS-400, Becker & Hickl GmbH) plugged in a host computer. The computer also controlled the LED illumination, CMT gating and data acquisition timing.
The dark-adapted samples were excited with a 0.5-s illumination pulse and the DF emission following the pulse was recorded. The illumination intensity and pulse width were experimentally determined so that they gave strong DF signals but did not saturate the system. The DF photons were recorded with a 1-ms sampling period for a 1-s period.
Parameter estimation
To determine if (4)-(9) could adequately represent the PQ kinetic behaviour of reaction centres observable from DF measurements under the given experimental conditions and assumptions, the equations were used to describe the measured DF through least-squares parameter optimisation [20] . The optimisation algorithm was implemented in Matlab (The Mathworks, Natick, MA) [21] . Before parameter estimation, the numerical local approach [22] was used to analyse the structural identifiability of the model. Many sets of model parameters were randomly selected and used to generate system responses ( y in (9)). The generated responses were used to identify the system parameters. The parameter estimates were found stable around the true parameter values. Although a more general, theoretical analysis would be beneficial, this proved that the model structure was identifiable or at least locally identifiable [22] .
Some reported that after dark adaptation, most quinones are in the oxidised state (Q A and Q B ) [23] , whereas others showed that there were about equal numbers of Q B and Q 2 B [24] . This implies that the initial values for the state variables can be set to zero except that for x 2 , which should be 0.5R (equal numbers of Q B and Q 2 B according to [24] ). The total number or the concentration of active reaction centres in a sample may not be known to allow the expression of R in those values. Fortunately, R can be conveniently set to unity. As discussed earlier, a unity R means that each of the state variables (x 1 through x 5 ) represents the probability that a reaction centre is in the corresponding PQ status. The effect of sample size, which was unchanged in the experiment, is accounted for by gain factor K. In the parameter estimation process, R was set to unity for the control soybean, drought soybean and control corn experiments. For the DCMU-treated corn samples, however, the total number of active (unblocked) reaction centres and thus the R value were expected to be reduced. As a result, R was the only parameter re-estimated from the experimental data as explained in a later section and it would represent the active reaction centres as a percentage of that of control samples.
Solution of the state and output equations must start from the initial conditions, which were the dark-adapted state prior to the illumination pulse. The DF emission during the 0.5-s light pulse, however, could not be practically measured because it was several orders of magnitude weaker than the excitation, reflection, PF and other sources of photons that would simultaneously exist. For each iteration of the parameter estimation process, system simulation would start with the current parameter values and u = 0 (light on) from the initial conditions and proceed for 0.5 s; then u was set to zero (light off) and parameter estimation based on the DF measurements would commence. a treatment (three for drought and seven for DCMU experiments) were pooled and used for parameter estimation for that treatment. This produced one set of parameters optimised for all the replications of measurements made in each treatment.
Determination of generally useful model parameter values in appropriate scientific units requires extensive experiments. The experiments conducted in this research were useful to determine if the equations could constitute a sufficient model structure for the PQ kinetics, but the estimated parameter values may not be generally accurate or useful. As a result, the estimates are not reported except two of them (k 1 and R), which varied as expected.
Soybean and drought-stressed samples
Figs. 1a and b show the mean values and the 95% confidence intervals of the measured DF from the control and the drought-stressed soybean sample groups, respectively. As expected, the DF emissions from the drought-stressed samples were generally weaker than those from the control samples. Drought could either affect the availability of water or the plant's ability to access water for electron donation, which would reduce the overall efficiency of the photo-transduction process. Other changes were not obvious from the data plots.
The model parameters were estimated for the control samples first and Fig. 2a shows the model predictions of DF compared with the experimental measurements for the control group. Upon parameter optimisation, the model could describe DF emission with a maximum error around 5%, indicating the capability and effectiveness of the model structure for the experimental conditions.
For the drought-stressed samples, the parameter estimates from the control samples except the k 1 value were used and kept constant. Drought may reduce the availability or accessibility of electron donors and therefore should primarily affect k 1 . The model was tested to determine if it could fit the replications of drought-stress data by redetermining only k 1 . Fig. 2b compares the model-predicted DF with the measurements for the drought-stressed samples. The maximum prediction errors were also about 5%, further indicating the ability of the model structure.
As discussed below (1), k 1 u is the reaction rate and the k 1 value depends on the unit used for u. The total excitation was 4.5 Â 10 16 photons/s and the total incident area was 0.58 cm 2 . When the PSII reaction centre density of 20 Â 10 12 /cm 2 as reported in the literature [25] was used and one-half of the incident photons were assumed to fall on the PSII and photosystem I antennas equally [25] , u would be approximately 85 photons/s/PSII reaction centre. Then the k 1 value was 0.388 for the control samples ( Fig. 2a) and 0.312 for the drought-stressed samples (Fig. 2b) . These k 1 values were based on an assumed percentage of light falling on the antennas but they are reasonable values that the photoelectron conversion efficiency k 1 represents. If the total incident light (4.5 Â 10 16 photons/s) was used for u, the k 1 value was 8.2 Â 10 216 for the control samples (Fig. 2a ) and 6.6 Â 10 216 for the drought samples (Fig. 2b) . In either unit for u, drought resulted in a 20% reduction in the k value, indicating a 20% reduction in the photoelectron conversion efficiency. This is consistent with the known processes. As discussed earlier, k 1 represents the overall quantum efficiency of illumination in exciting chlorophyll a and consequently passing an electron to Q A (i.e. the photoelectron conversion efficiency). Once a chlorophyll molecule is oxidised, it must be reduced by an electron donor to sustain the photo-transduction process. If reduced chlorophylls are not replenished fast enough with electrons from the electron donors, then a reduction in the k 1 value is expected. In plants, the electrons are from oxidation of water by the oxygen-evolving complex. Drought would affect either the availability or accessibility of electron donors and thus lead to a reduced k 1 value.
Corn and DCMU-treated samples
Figs. 3a and b show the average DF emissions and the 95% confidence intervals from the control and the DCMUtreated corn samples, respectively. From the data plots, DCMU application appeared to result in an overall decrease in DF emission.
Figs. 4a and b are plots of the experimental and predicted DF for the control and the DCMU-treated corn samples, respectively. The predictions were very close to all the replications of the experimental measurements, indicating that the model structure was useful for the corn samples under the two conditions tested.
As was done with the soybean samples, parameter estimation for the control corn samples was carried out without constraints and the estimated parameter values except one were used and kept constant in modelling the DCMU-treated samples. The lone parameter redetermined for the DCMU-treated samples was R. As discussed earlier, R represents the total probability for a reaction centre to be in one of the six PQ redox states or it represents the number of reaction centres in a sample. R was unity (or 100%) for the control samples. Since DCMU works by binding to the Q B site in a reaction centre and thus blocking electron transport from Q A to Q B , the net effect is then a reduction in unblocked or active reaction centres, leading to a reduction in the R value. This turned out to be the case. Multiple replications of the DCMUtreated data could be fitted by varying R only and the R value reduced to 62.1% (Fig. 4) of that for the control samples, indicating that a significant percentage of the reaction centres in the tested sample area were blocked or disabled by the application of DCMU.
Observation of PQ kinetic behaviour of reaction centres
The fact that, after parameter optimisation, (4) -(9) closely described DF emissions under different plant conditions provides evidence that the equations compose a sufficient model structure for the PQ states of PSII reaction centres under dark-adapted and short-pulse excitation conditions. The model structure reveals some basic characteristics of the PQ kinetics in PSII reaction centres under the given conditions.
Equations (4) - (8) can be written in the conventional _ x ¼ Ax þ Bu state-space form as 
and (9) in the y ¼ Cx form as
It should be noted that in the literature, A, B and C are typically matrices independent of the state and input variables, but A here is dependent on u and thus the system is non-linear in general as discussed below. By examining (10) and (11) and matrices A, B and C, a number of observations can be made about the system as follows: † Illumination u appears as the system input and part of the system matrix A. This is not just a mathematical outcome but a result of the dual roles u plays in the system. Since u is the energy source for the subsequent reactions, it is thus the system input. Furthermore, u modulates one of the reaction rates shown in (1); therefore it affects the system matrix A. † The system is bilinear and is linear for constant illumination u. This is significant because of the vastly available techniques for linear-system analysis. Moreover, if the reaction rates do not change appreciably, the equations constitute a linear system with constant or time-invariant coefficients. As the results of this work showed, the reaction rates can be estimated as time invariants for a given system (although they may vary from one system to another) under dark-adapted and short-pulse conditions. Temperature changes during the course of a measurement could lead to reaction rate variations, but this is typically not the case as temperature changes are usually small in a short time span. This provides an opportunity to take advantage of the many powerful linear-system techniques by designing appropriate experimental conditions. In particular, the Kalman filter technique and least-squares algorithms allow estimation of the state variables (state observation) or the model coefficients from experimental measurements (such as DF) as done in this work. † Although the kinetics can be treated as linear and time invariant for constant or periodically constant illumination u, the system is not symmetrical. Since u appears in the A matrix in (10), the system kinetics vary with u. For example the illumination may be turned on and off (or switched between two levels). Besides the direction of responses, the PQ kinetic characteristics (system poles or eigenvalues) are different between the light-on and light-off phases. This is obviously due to the fact that some of the reactions (1) are light driven or light modulated. † The A matrix in (10) has a three-cell-wide band of nonzero entries along the main diagonal. Although it could theoretically occur, this matrix is unlikely to be singular except under rare and coincidental circumstances such as zero Lebesgue measure. It is easy to verify that the C matrix in (11) and a full-rank A make all five states observable. This makes it possible, at least theoretically, to estimate the PQ states of PSII reaction centres from DF measurements for most scenarios, although the estimation accuracy may differ among the states, depending on the model coefficients (or eigenvalues), richness of excitation, measurement frequency and possibly other factors. † The input gain (the B matrix in (10)) is determined by k 1 and R. This is expected and makes sense because the former shows the quantum efficiency of illumination or photoelectron conversion efficiency and the latter represents the number of active reaction centres under observation. This gain indicates how efficiently light is harnessed under the dark-adapted and short-pulse conditions. It should be noted that although k 1 and R both affect the input gain in a similar manner, k 1 changes the system matrix A whereas R does not, which means that the effects of k 1 and R are not exchangeable. † The equations define a five-dimensional state-space system. The PQ redox state of the reaction centres can be represented with five independent states, which are probabilities of occurrence for, or concentrations (or 
Discussions
Short illumination pulses were used to avoid difficult nonlinearities resulting from system saturation, down-stream variations and light adaptation. The LED lighting and pulse width used in this research were experimentally determined so that the illumination gave strong DF signals relative to the measurement noise but was below an intensity where the model performance began to deteriorate appreciably, indicating apparent violation of the linearity and time-invariant assumptions. The intensity -duration combination or total illumination energy used, however, offers only one reference point. Adequate illumination energy levels necessary to uphold the linearity and timeinvariant assumptions need to be determined for other plants and experimental conditions. After parameter optimisation, the model structure could represent DF emissions accurately for the tested plants and conditions. The errors were practically negligible (,5%) but were not totally random. They were larger for the first several data points. The model appeared to under-predict the first few measurements and, as a consequence of error minimisation, over-predict some points afterwards. The under-prediction of the few initial measurements seems to indicate that there might have been another short-lived photon-generating process that was not accounted for by the model. This process was unlikely to be the prompt chlorophyll fluorescence since there was a 5-ms delay between the end of the excitation pulse and the start of DF measurement during which PF should have decayed to near-zero levels. Although the errors were small and did not significantly affect the DF predictions, the underlying phenomenon warrants further investigation.
Conclusions
For short-pulse illumination, the PQ redox kinetics of PSII reaction centres in initially dark-adapted plant leaves can be represented in a five-dimensional state space. If the illumination pulse is of constant (or zero) intensity, the system can be considered linear and time invariant. The kinetic characteristics, however, vary with the illumination intensity and differ fundamentally between light-on and light-off conditions. After parameter optimisation, a fivestate model could effectively describe DF and reflect the expected parameter changes induced by drought or DCMU stress for the samples and conditions tested. The simplicity of the model structure permits observation and analysis of the PQ states of PSII reaction centres from DF measurements by using linear-system techniques. The model and method warrant further verification and possible refinement. Additional experiments are needed to determine generally meaningful model parameter values.
